Silver conducting films are formed by ink-jet printing method from the silver colloidal inks with and without glass powders. Bi-based glass powders with nanometer size prepared by flame spray pyrolysis are used as an inorganic binder. The silver conducting film formed from the ink without glass powders had island structure at a firing temperature of 450°C. On the other hand, the silver conducting film with 5 wt % glass content of silver component had clean surface, dense structure, fine grain size and good adhesion property to the glass substrate. The silver conducting films with 1, 3 and 5 wt % glass contents had low specific resistivities at a firing temperature of 450°C of 2.6, 2.7 and 3.1 µ³ cm, respectively.
Introduction
Ink-jet printing is a particularly attractive technique for a direct write of conducting line with small pitch and low thickness. Inkjet printing methods are applied in the electronic and display industries, beyond conventional image transfer capabilities.
1)4)
Silver conducting films formed by ink-jet printing method using nano silver ink are widely studied.
5)7) Nano-sized silver powders generated by liquid solution and gas phase reaction methods have low firing temperatures. Therefore, silver conducting films formed by ink-jet printing method have good electrical and morphological properties at low firing temperatures. However, resistivities of the silver conducting films are strongly affected by firing temperatures. Complete elimination of organic additives as well as formation of silver conducting film with dense structure requires firing of the films at high temperatures. Especially, silver conducting films should be fired at high temperatures above 400°C in applications such as plasma display panels (PDP) and solar cells. 1) However, firing of silver conducting films formed by ink-jet printing method from nano silver ink at high temperatures generates crack inside the thin silver conducting film due to the large intrinsic volume reduction by sintering of the nano-sized silver powders.
The silver electrode is generally fabricated by firing of a printed layer formed by a screen printing method using silver paste containing a silver powder, a glass powders, and a resin binder.
8)10) Glass powers act as a permanent binder and also promote sintering of metal powders during the sintering process and enable binding of the functional film to the substrate. 11) Glass powders are also applied in ink-jet printing method to form the silver conducting film from nano silver ink.
1) Aluminoborosilicate glass powders (Al 2 O 3 SiO 2 B 2 O 3 MgOCaO ZnONa 2 O) with glass transition temperature of 487.2°C were applied. Glass powders prohibited the formation of crack inside the silver conducting film at high firing temperatures between 400 and 600°C. Glass powders also improved the adhesion strength of the silver conducting film to the substrate. However, addition of glass powders into the silver ink increased the resistivities of the silver conducting films.
The properties of the glass powders, such as morphology, mean size, size distribution, and phase homogeneity as well as the composition of glass affects the characteristics of the silver conducting films. Nano-sized glass powders are necessary to form the electrode layers with low thickness and high conductivity by ink-jet method. Nano-sized glass powders with various compositions were prepared by flame spray pyrolysis and thermal plasma synthesis. 12),13) Nano-sized glass powders prepared by flame spray pyrolysis had good sintering characteristics at low firing temperatures due to their spherical shape, narrow size distribution and homogeneous composition.
In this study, the abilities of Bi-based glass powders with nanometer size prepared by flame spray pyrolysis as an inorganic binder in the formation of silver conducting film by ink-jet printing method were investigated.
Experimental procedure
The commercial colloidal silver ink was used. The mean diameter of silver powders in the ink was 5 nm. Nano-sized glass powders prepared by flame spray pyrolysis are dispersed in the colloidal silver ink. The preparation process of the nano-sized glass powders in the flame spray pyrolysis is described in the previous paper.
12 ) The system of flame spray pyrolysis has a droplet generator, flame nozzle, quartz reactor, powder collector, and blower. A 1.7 MHz ultrasonic spray generator with 6 resonators is used to generate droplets, which are carried into the high-temperature diffusion flame by oxygen, as the carrier gas. Droplets or powders evaporate, decompose, and melt inside the diffusion flame. Propane as the fuel and oxygen as the oxidizer create the diffusion flame. The flame nozzle has five concentric pipes. Droplets generated from the precursor solution are supplied to the diffusion flame through the center pipe by oxygen used as the carrier gas. The flow rates of fuel, oxidizer and carrier gases were each 5, 40, and 10 L/min. The composition of glass material was 14.8 wt % ZnO77. 4 O (Junsei, 98%), Na 2 CO 3 (Kanto, 99%) and tetraethyl orthosilicate (TEOS, Aldrich, 98%)) to mixture solvent of distilled water and ethyl alcohol using appropriate amount of nitric acid. Volume ratio of ethyl alcohol to distilled water was 30:70. The overall solution concentration of metal components composing the glass powders was fixed to 0.5 M.
Glass content in the colloidal solution was changed from 1 to 5 wt % of silver component. The silver conducting films are formed by ink-jet printing method from silver colloidal inks with and without glass powders. The colloidal silver inks are jetted onto glass substrate using a piezo ink-jet head with a single nozzle. The printed glass substrate was cured at 220°C for 60 min in order to remove solvent. The dried glass substrate was fired at temperatures between 250 and 450°C for 10 min with a heating rate of 5°C min
¹1
. The morphological characteristics of the glass powders and fired glass layers were investigated by field emission scanning electron microscopy (FE-SEM, HITACHI, S-4800) and scanning electron microscopy (SEM, JEOL, JSM-6060). The specific resistivities of the silver conducting films were measured using four point probe method (CMT-SR 1000N, Advanced Instrument Technology).
Results and discussion
The glass powders prepared by flame spray pyrolysis had spherical shape and non-aggregation characteristics. Nano-sized glass powders were formed from the vapors of glass components by nucleation and growth mechanisms. The mean size and glass transition temperature of the glass powders were 48 nm and 365°C. Figure 1 shows the SEM images of the silver conducting films formed from the colloidal silver ink without glass powders. The silver conducting films formed by ink-jet method are fired at temperatures between 250 and 450°C. The silver conducting film fired at 250°C had clean surface and dense structure. Complete melting of the nano-sized silver powders occurred. On the other hand, the silver conducting film fired at 300°C had porous structure due to the large intrinsic volume reduction by sintering of the nano-sized silver powders. The surface of glass substrate was observed from the SEM image between the silver grains. Islands of silver were formed at a firing temperature of 400°C. Finally, nearly spherical silver islands were formed at a firing temperature of 450°C.
Silver conducting films formed by ink-jet method from the colloidal silver inks with various amounts of glass powders were fired at temperatures of 400 and 450°C. The glass content was changed from 1 to 5 wt % of silver component. Figure 2 shows the SEM images of the silver conducting films fired at 400°C. The silver conducting films had clean surfaces and had no cracks irrespective of the glass contents. Melting of nano-sized glass powders dispersed uniformly inside the silver conducting film prohibited the formation of silver islands. Glass material with a glass transition temperature of 365°C decreased the grain growth of the silver conducting film. Therefore, the silver conducting films formed from the colloidal silver inks with 3 and 5 wt % glass powders of silver component had more fine grain sizes than that of the film formed from the colloidal ink with 1 wt % glass. Figure 3 shows the SEM images of the silver conducting films fired at 450°C. Grain growth of the silver conducting film occurred at a firing temperature of 450°C. The silver conducting film formed from the colloidal silver ink with 1 wt % glass of silver component had rough structure. Grains with several microns were formed by sintering of silver. On the other hand, the silver conducting films formed from the colloidal silver inks with 3 and 5 wt % glass of silver component had clean surfaces, dense structures and fine grain sizes.
The morphologies of the cross-sections of the silver conducting films formed from the colloidal silver inks with and without glass powders are shown in Fig. 4 . The SEM image of the crosssection of the silver conducting film formed from the colloidal silver ink without glass showed the island structure. The silver conducting film formed from the colloidal silver ink with 5 wt % Journal of the Ceramic Society of Japan 118 [7] 613-616 2010 JCS-Japan glass had dense structure and good adhesion property to the glass substrate. On the other hand, the silver conducting film formed from the colloidal silver ink with 1 wt % glass had porous structure and poor adhesion property to the substrate as shown by arrow in Fig. 4(b) .
The specific resistivities of the silver conducting films formed from the colloidal silver inks with and without glass powders are investigated. The firing temperature of the films was 450°C. The silver conducting film formed from the colloidal silver ink without glass powders had a high specific resistivity of 7.8¯³ cm because of island structure of the film. However, the silver conducting films formed from the colloidal silver inks with 1, 3 and 5 wt % glass powders of silver component had low specific resistivities of 2.6, 2.7 and 3.1¯³ cm, respectively. The silver conducting film with low glass content had lower specific resistivity than those with high glass contents because of nonconducting property of glass.
Conclusions
The effects of Bi-based glass powder with nanometer size prepared by flame spray pyrolysis as an inorganic binder on the morphological and electrical properties of the silver conducting films formed by ink-jet printing method are investigated. The silver conducting films formed from the silver colloidal ink with 5 wt % glass powders have good morphological and electrical properties at high firing temperatures of 400 and 450°C. Adhesion property of the silver conducting film to the glass substrate is also improved by adding glass powders to the colloidal silver ink. Bi-based glass powder with nanometer size prepared by flame spray pyrolysis has good properties as an inorganic binder in the formation of the silver conducting films by ink-jet printing method. 
